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INTRODUCTION
Soybean (Glycine max (L.) Merril) is one of the most important oilseeds cultivated in the world due to its high content of protein and oil (Yang et al. 2016 ) and its widespread use for human and animal consumption. In the crop year 2016/2017, 114.07 million tons of soybeans were produced in Brazil, and the estimate for 2017/2018 is cultivation area in Brazil and, therefore, to higher oilseed quantities harvested .
Microclimatic studies of the soybean canopies were conducted by egli et al. (1970) , Hiebsch et al. (1976) , Baldocchi et al. (1983, 1985) . These authors concluded that some disagreement prevails on the question of how alteration in a plant architecture may affect momentum, mass and energy exchanges between a canopy and the atmosphere. The authors suggested that many of the uncertainties reported in the literature might have been resolved had detailed observations been made of microclimatic and physiological conditions. This fact confirms the importance of the detailed study of the solar radiation dynamics and the productive response in different canopy strata of soybean cultivars with different growth habits.
A n o p t i m i z e d u t i l i z a t i o n o f t h e photosynthetically active radiation (PAr) intercepted by the canopy of soybean plants may maximize their photosynthetic efficiency, and thus lead to an increased grain yield (Marchão et al. 2006) . The plant growth is a function of accumulated biomass through photosynthesis. Biomass production in plants depends upon the quantity of photosynthetically active radiation absorbed by leaves (PAra) and the efficiency with which the leaves can convert the radiation into assimilates through photosynthesis. Thus, the intercepted photosynthetically active radiation (PAri) that is converted into biomass reveals the radiation use efficiency (RUE) by species (Monteith 1977 , Van Heerden et al. 2010 .
Canopy architecture is determinant for the plant's photosynthetic capacity (Wells 1991) . The soybean crop has an upper strata of dense foliage, which makes it difficult for light to penetrate into lower leaf strata (rambo et al. 2004 ). The PAr transmission in a plant canopy, according to Beer's law (Fagan et al. 2013) , is a negative exponential function of the product of leaf area index by the extinction coefficient. Additionally, the irregularity of light distribution throughout the canopy may result in unequal contributions of the different plant sections to the overall yield. greater light incidence into the lower leaf strata as well as diffuse radiation, can increase the production of reproductive organs in the lower canopy strata, and lead to an overall increase in yield.
Studies highlighting the importance of soybean canopy stratification, quantifying the contribution of each strata and its leaf area index, extinction coefficient, and crop yield were not found in the literature. In coffee (Marin et al. 2003, Cunha and Volpe 2010) , apple (Buler and Mika 2009) and orange trees (Pilau and Angelocci 2015), for example, the contribution of different leaf strata to yield formation were analyzed with respect to their interception of solar radiation. Studies indicate differentiated contributions of leaf strata to crop yield. Thus, the identification of alternatives for the best use of the microclimatic conditions is essential to maximize the contribution of the different leaf strata, especially in relation to the radiation use efficiency, which can result in a significant increase in soybean yield.
Soybean growth can be determined by the microclimatic conditions and the management that is utilized during the growing season. These characteristics can be influenced by cultivar growth habit (determined growth or undetermined growth) (Zanon et al. 2015) . Plants with a determined growth habit finish the formation of leaves upon reaching the reproductive period, which results in differences in leaf architecture, leaf area index and radiation use efficiency in the different leaf strata, when compared to plants with an indeterminate growth habit, which even after reaching the reproductive period, maintain the formation of vegetative organs. Additionally, the leaf morphology of plants with determined growth remains constant throughout the plant extension. This fact differentiates determined plants of indeterminate because these present sheets of smaller sizes in the upper strata of the plant. The flowering of determined plants begins in the middle strata of the plant and progresses to the upper and lower strata. Consequently, the development of pods and seeds follows this pattern (Sediyama et al. 1996 (Sediyama et al. , 1999 . Although photosynthesis is the basis for biomass production by plants, only few studies consider rUe as an alternative to increase soybean yield. The solar radiation intercepted by the different strata of the plant canopy is one of the most important components for the growth analysis. However, to estimate the amounts of intercepted solar radiation, it is necessary to determine the leaf area index (LAI) and the light extinction coefficient (k).
Information that reveals the dynamics of microclimatic conditions in the canopy strata and its relations with the solar radiation and soybean yield responses are relevant in order to improve some management practices for the soybean producers. The aim of this study was to evaluate the solar radiation dynamics and yield responses in different leaf strata of two soybean cultivars with determined and undetermined growth habit.
MATERIALS AND METHODS

STUDY AreA AND eXPerIMeNTAL DeSIgN
A field study was conducted during the 2013/2014 and 2014/2015 growing seasons in the city of Frederico Westphalen-rio grande do Sul, Brazil, at the coordinates 27°23′48′′S, 53°25′45′′W and an altitude of 490 m (Fig. 1 ). According to the Köppen climate classification, the climate is Cfa, i.e., humid subtropical with mean annual temperatures of 19.1 °C and varying maximum and minimum temperatures of 38 and 0 °C, respectively (Alvares et al. 2013) .
According to the soil mapping unit of Passo Fundo, the soil is classified as Ferralsols typical. Fertilization was carried out in response to a soil analysis following the recommendations for soybean crops (CCSF 2004) . For this, a total of 80 kg ha -2 of triple superphosphate and 50 kg ha -2 of potassium chloride were applied at the time of sowing. The control of weeds and diseases was also carried out through phytosanitary treatments following the recommendations of products for the crop (embrapa 2006).
The experimental design was a randomized complete block, where was tested two soybean cultivars and two growing seasons, with four repetitions. In both crop years, the cultivars Nideira A 6411 rg (Sementes Nidera, São Paulo, Brazil) that is characterized by a determined growth habit with an early cycle and average height, and CCgL TeC 6029 rr (Cooperativa Central gaúcha Ltda, rio grande do Sul, Brazil) that exhibits an undetermined growth habit with early cycle and high height, were used in this study. The cultivars evaluated in this study were coded as follows: NA6411 (Nideira A 6411 rg) and TeC6029 (CCgL TeC 6029 rr).
Seed sowing was carried out on 11/14/2013 and 11/08/2014 with a sowing machine. Thinning was performed seven days after emergence (DAe) 
CANOPY STrATIFICATION
The determination of leaf area index, specific leaf area, yield components (number of pods per plant, thousand grain weight, total yield), interception of solar radiation and the extinction coefficient were performed for each soybean canopy strata (Fig. 2 ). Data assessment was carried out every two weeks from 30 to 105 days after emergence (30, 45, 60, 75, 90 and 105 DAe) . Four plants per plot were destructively sampled at each sampling date.
Except for the first sampling date (30 DAE), the sampled plants were divided into three canopy sections of similar size in order to individually analyze the contribution of each canopy strata, according to the location of their vegetative and reproductive structures. The criterion used to sectioning the plants canopy was that to constitute the lower strata the plant structures should be located from 0 % to 33 % of the height of the plants, the middle stratum of 33.34 % to 66.66 % and the upper stratum of 66.67 % to 100 %, respectively.
At the first sampling date (30 DAE), the dry matter of the entire plant was calculated by adding the dry weights of the individual plant organs: branches, stems and leaves. At all other sampling dates, branches, stems, and leaves were calculated according to its position in the canopy layer: lower, middle and upper (Fig. 2 ).
BIOMASS AND LeAF AreA ANALYSIS
The total dry matter (TDM) of the plants was determined from the sum of the components: leaves, stem, branches, and pods. each component was gathered and placed in pre-identified individual paper bag. Samples were dried in a forced circulation oven at 60 °C until a constant mass was obtained. The samples were later weighed on a precision balance in order to obtain the dry mass of each component, which together resulted in the TDM.
Leaf area in each different canopy strata was measured with a leaf area meter LI-COr Model 3000 (LI-COr, Lincoln, Nebraska, U.S.A), with the value expressed in cm 2 . The leaf area index (LAI) was determined by the ratio between plant leaf area and soil area (SA) that it occupied (0.04 m 2 ) with the following equation:
Where LA is the leaf area, and SA is the soil area occupied by the plant.
SOLAr rADIATION ANALYSIS
The incident solar radiation (W m -2 ) in each evaluation period was measured using a portable pyranometer (LICOr PY32164, Lincoln, Nebraska, U.S.A) coupled to a Datalogger (LICOr 1400, Lincoln, Nebraska, U.S.A). The values for intercepted global radiation (Igr) were measured serially at each individual leaf strata (lower, middle and upper) with the portable pyranometer which recorded measurements in the period from 10 h to 12 h. The values of intercepted solar radiation were obtained according to the following equation:
Where: Rn = incident radiation under each leaf strata of the canopy; Rt = incident radiation above the canopy.
The extinction coefficient (k) was calculated for each leaf strata using the following equation:
Where k = extinction coefficient, Rn = solar radiation measured under each canopy stratum (MJ m -2 ); Rt = radiation above the plant canopy (MJ m -2 ); LAI = leaf area index (m -2 m -2 ).
The production of dry matter was based on the model proposed by Monteith (1977) , where dry matter production was calculated from intercepted photosynthetically active radiation (PARi) multiplied by the radiation use efficiency.
The radiation use efficiency (RUE) was calculated by the relation between the average production of accumulated TDM and the PARi involved in the production of biomass according to the following expression:
Where TDM = total dry matter produced (g m -2 ); PARi = intercepted photosynthetically active radiation (MJ m -2 ) and RUE = radiation use efficiency in dry matter produced (g MJ -1 ). The value for the radiation use efficiency given by the angular coefficient represents the amount of accumulated biomass for each unit of intercepted radiation.
Values for intercepted photosynthetically active radiation were determined based on the model proposed by Varlet-grancher et al. (1989) :
Where: PARi = intercepted photosynthetically active radiation (MJ m -2 ); PARin = incident photosynthetically active radiation (MJ m -2 ); LAI = leaf area index; k = extinction coefficient, 0.67 and 0.60 were used for the extinction coefficient in the crop year 2013/2014 and 2014/2015, respectively, the values used for k were averages obtained in this study and, calculated using the equation described above.
The values of photosynthetically active radiation were estimated as 45 % of global solar radiation. This fraction represents the average values found by Assis and Mendez (1989) for the area of rio grande do Sul. The estimate of accumulated photosynthetically active radiation was performed, based on methods by Monteith (1977) and Varlet-grancher et al. (1989) .
YIeLD TrAITS AND DATA ANALYSIS
The yield components were analyzed by assessing ten randomly plants in each previously demarcated FeLIPe SCHWerZ et al.
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An Acad Bras Cienc (2019) 91(3) e20180066 6 | 16 plot, at harvest time. The criterion used for the collection of these 10 plants was that these should represent in a reliable way the characteristics of growth and development of the total plants of each plot. The number of pods per plant (NPP) was counted. Additionally, the 1000-grain weight (gW) was assessed through threshing the pods, counting grains and weighed on a precision balance. To assess the yield, the total grains obtained in each canopy strata for each evaluation plot were weighed on a precision balance and the moisture of the grain converted for 13 %. The yield value obtained in g plot -1 was converted into kg ha -1 .
Data were analyzed using the software Statistical Analysis System (SAS, edition 8.0 2003, SAS Institute Inc., Cary N.C., U.S.A.). Data were initially examined for homogeneity of variance, and then, subjected to analysis of variance in order to determine treatment effects and possible interactions among cultivar, crop year and canopy strata. The normality distribution of all data was checked using the Shapiro-Wilk test. The descriptive analysis were performed including the respective error bars, which represent the standard deviation of the average values. For the radiation use efficiency and soybean yield traits, a Tukey test (p<0.05) was performed to verify the difference between treatments.
RESULTS
MeTeOrOLOgICAL CONDITIONS
Air temperature (maximum, minimum and average), incident solar radiation and water balance during the experimental period are shown in Figure  3 . In the crop year 2013/2014, the temperature ranged between 12.4 °C and 36.8 °C with an average temperature of 22.8 °C. The flux of global solar radiation was 25.48 MJ m -2 day -1 on average, with a variation of 5.12 to 39.21 MJ m -2 day -1 . Also, was observed a small water deficit in February (2013/2014). For the crop year 2014/2015, the air temperature ranged from 11.9 to 34.5 °C with an average temperature of 22.6 °C. The average flux of global solar radiation was 24.30 MJ m -2 day -1 with a variation of 5.55 to 38.12 MJ m -2 day -1 . It was possible to identify periods of water deficit during the plant growth.
rADIATION USe eFFICIeNCY AND ASSIMILATe PArTITIONINg
The analysis of variance revealed a significant interaction "crop year x cultivar" for rUe. Dry matter formation was positively, linearly correlated with PAri during the crop cycle, with high correlation coefficients (Fig. 4 ). The highest RUE was observed in the crop year 2014/2015 for the cultivar TeC6029, which had 1.5070 g MJ -1 , not differing from cultivar NA6411 which obtained 1.4676 g MJ -1 . In the crop year 2013/2014, lower values of rUe were observed (1.1518 and 1.3839 g MJ -1 for the cultivars TeC6029 and NA6411 respectively).
The pattern of dry matter accumulation in the leaves, stem, branches, and pods of the soybean plants was similar during all evaluations periods (Fig. 5 ). In the initial stages of plant growth, up to 45 DAe, the leaves, stems, and branches were responsible for 60, 25 and 15 % on average of total dry matter accumulation. From 90 DAe the dry matter of the pods was computed, and for the 105 DAe, the pods were responsible for 42 % of total dry matter accumulated by the soybean crop.
LeAF AreA INDeX AND INTerCePTeD gLOBAL rADIATION
In both cultivars studied, LAI averaged highest at 90 DAe (Fig. 6 ). In the crop year 2014/2015, the greatest LAI values were observed for the cultivar TeC6029 (4.85) and for NA6411 (4.34), while for 2013/2014 the lowest values were 4.40 and 4.15 for the cultivars TeC6029 and NA6411, respectively. Additionally, each plant canopy strata showed similar contributions considering the years and cultivars studied. In this way, the lower, middle and upper strata were responsible for 19.6, 48.1 and 32.3 % of the total LAI, respectively. A positive linear increment of the specific leaf area up to 75 DAe was observed. After this period, a decrease in the values was found due to the physiological maturity (Fig. 6) . The greatest average values for this characteristic was observed for the cultivar TeC6029 throughout the evaluation periods in both crop years.
The cultivars responded similarly in terms of the interception of incident solar radiation in the different crop years (Fig. 6) ; highest values were found at 90 DAe where the plants intercepted on average 89.90 % of the incident radiation, coinciding with the greater LAI values. each plant canopy strata intercepts an amount of solar radiation dependent upon leaf area index. Additionally, the contribution of each plant canopy strata to total radiation interception at 90 DAe was 8.87, 15.95 and 65.07 % for the lower, middle and upper strata, respectively. A reduction of radiation interception was observed at 105 DAe, possibly due to the beginning of leaf senescence.
LIgHT eXTINCTION COeFFICIeNT
The k estimate in the different plant canopy strata can be seen in Table I . The k values increased up to 75 DAe and decreased afterwards until senescence. regarding the difference between cultivar and plant strata, the average values for the crop year . 7) . Among the three plant canopy strata, the middle contributed most to the total yield, followed by the upper, and lower strata. The number of pods per plant corresponded with the yield pattern, where the highest values were found in the cultivar NA6411 in both crop
TABLE I Light extinction coefficients (± standard error) in different canopy strata of the two soybean cultivars (NA6411 and TEC6029) in two crop years (2013/2014 and 2014/2015) at different evaluation periods in a field experiment in Frederico
Westphalen, Brazil. years (Fig. 7) . The same trend was observed for the different canopy strata, as the middle and upper strata presented a larger contribution to the total number of pods per plant. regarding 1000-grain weight, the greatest values were found in the crop year 2013/2014. The 1000-grain weight of the cultivar TeC6029 was greater than NA6411, in both crop years. Variations in 1000-grain weight were not observed for the different plant canopy strata and crop years.
DAE
DISCUSSION rADIATION USe eFFICIeNCY AND ASSIMILATe PArTITIONINg
Each cultivar had a differentiated ability to convert radiation into photoassimilates. The lower radiation use efficiency obtained in the crop year 2013/2014 can be related to the water deficit which occurred in February 2014; together with an increase of the maximum air temperature (Fig. 3) , this led to a senescence in the leaves of the middle and lower canopy strata. This premature senescence did not affect the grain yield. The greater radiation use efficiency obtained by the cultivar TeC6029 in the crop year 2013/2014 may be related to the higher LAI associated with the greater use of available diffuse radiation in the lower plant canopy strata. Thus, greater leaf formation resulted in a better use of diffuse radiation, which is multidirectional, and more efficient in penetrating the plant canopy (Buriol et al. 1995) .
According to Casaroli et al. (2007) , the use of cultivars with more efficient leaf architecture may provide more efficient photosynthesis; however, these plants are often more demanding in water and nutrients due to the greater interception of solar radiation by the leaves and so, have a greater energetic demand. This response may affect radiation use efficiency of soybean plants.
The values of radiation use efficiency obtained in this study were similar to that has been observed by other authors; Souza et al. (2009) in a study conducted in two crop years (2007/2008 with the occurrence of drought and 2008/2009 without drought), found rUe values of 1.14 and 1.75 g MJ -1 , respectively. Van roekel and Purcell (2014) , in a study conducted in Missouri, USA, found rUe values for soybean in different crop years (2012/2013 and 2013/2014) of 1.01 and 1.77 g MJ -1 , respectively. Also, other results were reported in the literature: 1.23 g MJ -1 (Schöffel and Volpe 2001); 1.31 g MJ -1 (Adeboye et al. 2016 ); 1.44 g MJ -1 (Singer et al. 2011) ; and 1.78 g MJ -1 (Pengelly et al. 1999) for the soybean crop. The variation in the results found in the literature was probably due to the differences of the meteorological conditions to which plants were subjected. This was likely because the radiation use efficiency reflects the capacity of the plant to transform the intercepted radiation into dry matter.
regarding the partitioning of assimilates produced, the biomass accumulated in the leaves decreased gradually throughout the crop cycle, especially during the maturation stage due to the senescence of the lower leaves and the reallocation of the assimilates for grain filling (Fig. 4) .
The assimilate translocation to sink organs is governed by factors such as the proximity of the source to the sink. In this way, the leaves located in the lower stratum direct their assimilates to the roots, while the leaves of the upper strata send assimilates to the growing apices and the leaves of the middle strata for both directions (Taiz et al. 2017) . Therefore, the position of the leaves within each plant canopy strata is important for the supply of assimilates to vegetative/reproductive structures. Studies of Aliyev (2010) and Aliyev and Mirzoyev (2010) indicate that the soybean yield is related to the shape and arrangement of leaves in the canopy strata, photosynthetic activity and the period of grain filling.
The relationship between total dry matter and grain yield depends on the cultivar used and its interaction with the micrometeorological conditions. However, increased solar radiation use efficiency will not necessarily result in higher grain yields. This means that a cultivar can present variations in the efficiency of the use of solar radiation in different years, due to the interannual variability of solar radiation availability. This fact will not necessarily result in an increase or decrease in crop yield (Koester et al. 2014 , Petter et al. 2016 . The soybean plants obtained a high leaf area production due to a rapid emission of leaves, promoting significant increases in the interception of solar radiation. However, with the beginning of the self-shading of the leaves, there is an increase in the light extinction coefficient. With the increase of LAI, up to a critical value, the solar radiation interception and the photosynthetic rate are also increased (Casaroli et al. 2007 ). According to Souza et al. (2009) , for the soybean crop, the critical LAI value to intercept 95 % of the solar radiation is around 4.0. In this context, the average values obtained in this study are above the critical value of LAI, averaging 4.4 at 90 DAe in the two evaluation years, and promoting the interception of 89.9 % of incident solar radiation.
The highest LAI and specific leaf area were obtained for the upper and middle strata, which promoted the formation of a dense leaf strata and making it difficult the solar radiation to penetrate into the lowest strata. In this way, due the reduction in the solar radiation availability in the lower canopy strata an unequal contribution of the plant sections to the total yield was observed (Fig. 7) .
The greatest interception of solar radiation by the soybean cultivars occurred in the upper canopy strata, resulting in a greater photosynthetic rate (Taiz et al. 2017) . It might be inferred that the lower strata of the leaves contributed less than they theoretically could for the photosynthetic process, while other strata operated more close to their limit. In this context, the use of alternatives in order to increase the photosynthetic rates of the middle and lower plant strata is important because it could lead to an increase in the overall grain yield of the soybean crop.
LIgHT eXTINCTION COeFFICIeNT AND SOLAr rADIATION DYNAMICS Soybean growth was correlated to an increase in the k values (Table I) , coinciding with an increase in LAI. Increased LAI leads to a greater quantity of intercepted radiation, up to a certain value when the plants reached critical LAI and begin self-shading, resulting in an increase in the light extinction coefficient. According to Behling et al. (2016) , this attenuation of light by the plant canopy is determined by leaf density (which can be expressed by LAI), and by the geometric and optical properties characteristics of the leaves. Thornley (1976) reported that the value of k might vary with leaf traits, sun's incident angle, spacing, and latitude.
The k values observed in our study are similar to those obtained by Bajgain et al. (2015) who reported k values of 0.85 and 0.65 for soybean cultivation under an excess of water and optimal humidity conditions, respectively. Procópio et al. (2003) , found k values of 0.52 and 0.93 for soybeans before and after the flowering stage, respectively. Additionally, Pengelly et al. (1999) found that the light extinction coefficient might vary from 0.5 to 0.6 for soybean crops, considering an average of the crop cycle. In a study conducted in Nigeria by Adeboye et al. (2016) , the authors obtained average k values of 0.52 and 0.42 for two crop years 2013/2014 and 2014/2015, respectively.
YIeLD TrAITS AND ITS reLATIONSHIP WITH PHOTOSYNTHeTIC ACTIVITY
The highest grain yield was obtained by the cultivar with a determinate growth habit and was mainly influenced by the greater number of pods per plant in the middle plant strata, since for this growth type, the flowering begins in the middle layer and then goes to the upper and lower. This response was most evident for the crop year 2013/2014. Moreover, cultivars with determined growth habit had a lower dense layer of leaves in the upper strata, which allows a greater interception of radiation in the middle and lower canopies strata when compared to the cultivar with an indeterminate growth habit.
For the cultivar with indeterminate growth habit, it is observed a dense layer of leaves in the upper strata due to the continuous emission of leaves even after flowering, this fact can reduce the fixation of the flowers in the middle and lower strata. Therefore, considering the interception dynamics of the solar radiation and the greater contribution of the middle and lower strata to the cultivar with determined growth habit presented higher grain yield.
Studies that relate productivity and type of plant growth indicate a tendency of determined cultivars, under irrigated conditions, to produce more than the indeterminate cultivars (Kilgore-Norquest and Sneller 2000). According to Perini et al. (2012) , the total number of pods was the yield traits that was most important for the indirect selection of more productive and determined growth cultivars.
In overall, the highest contribution of the medium and upper strata of the plants to the total yield may be related to the higher leaf area index and interception of the solar radiation obtained in these sections. These results of total yield and number of pod per plant may be related to a greater photosynthetic activity of these sections, resulting in an increase of the production and direction of assimilates for the reproductive structures which was seen in the medium and upper strata.
The results observed are consistent with those of rambo et al. (2004), evaluating the potential yield of each canopy strata of the soybean crop. These authors found that the upper and middle plant strata contributed strongly to the soybean yield potential. The greater number of pods in each section explained this. Passos et al. (2011) reported that the middle and upper strata of the soybean canopy has a greater contribution to grain yield, due to the greater presence of pods in these sections.
The authors also highlighted that the middle strata represented about 57.6 % of the total number of pods produced in the plants.
The stratified canopy study of soybean plants enables the identification of contrasting characteristics within the plant population, which together with the best use of the micrometeorological conditions, mainly of diffuse radiation, is essential for increasing the radiation use efficiency and consequently the grain yield.
Information generated in this study are relevant and provides knowledge for soybean producers and agricultural managers, especially regarding the microclimatic conditions and its relations with the canopy architecture, growth habit, as well as the contribution of each canopy strata to the total yield. Moreover, the results highlighted in this study can help to understand the dynamics within the plant's canopy and adapt possible management strategies such as the use of microclimatic information for the monitoring of plant diseases in order to maximize grain yield in the lower plant strata.
CONCLUSIONS
The cultivar NA6411, with a determinate growth habit, presented a greater interception of solar radiation in the middle and lower canopies strata which results in higher soybean yield when compared to the cultivar TeC6029, and thus, can be recommended for cultivation in crop production systems.
The contribution of the middle and upper canopy strata to the total yield formation was greater than that observed in the lower canopy strata due to the greater interception of solar radiation by these strata. To increase soybean yields, new studies regarding the microclimatic conditions of the soybean canopy should be developed to improve the maximum potential yield of the new soybean cultivars.
